Abstract-Particle physics collider experiments at the high energy frontier are being performed in increasingly harsh radiation environments. While designing adequate detectors is a challenge in itself, their safe operation relies on fast, radiation-hard beam condition monitoring (BCM) systems to protect these fragile devices from beam accidents. This paper will present a BCM system based on polycrystalline chemical vapor deposition (pCVD) diamond sensors used at the Collider Detector at Fermilab (CDF) experiment operating at Fermilab's Tevatron proton-antiproton synchrotron. We report our operational experience with this system, including the recently commissioned abort system. The system is currently the largest of its kind at a hadron collider. It is similar to designs being pursued at the CERN Large Hadron Collider (LHC) experiments.
I. INTRODUCTION

I
NSTABILITIES in the particle beam are unavoidable when running high-energy accelerators; therefore, it is important to protect sensitive detectors by using a BCM system to discard the beam before it can cause damage. The most delicate subdetector at CDF is the silicon strip detector, which is the closest to the beam line. Front-end readout chips in the silicon system have been damaged in past beam incidents. Diamonds provide an effective method of beam monitoring because they can be placed very close to the detector and the beam, and because they respond quickly to sudden changes in the beam.
A. Beam Structure
The Tevatron collides beams of protons and antiprotons with a center of mass energy of . The proton and antiproton beams have the same structure, but travel in opposite directions. The Tevatron operates at a radio frequency of 53 MHz, resulting in RF buckets of 18.8 ns.
During Run II the Tevatron uses 36 bunches each of protons and antiprotons. The beam configuration is shown in Fig. 1 bunches in a train are separated by 21 RF buckets (396 ns), while the trains are separated by a 139-bucket (2617-ns) gap. This is called the "abort gap" because it allows for the turn-on latency of the abort kicker magnets. One complete revolution takes 21 . If protons and antiprotons were orbiting in a central orbit (as depicted in Fig. 1 ) collisions will occur at many points. To avoid the inefficiency of unwanted collisions away from a detector, electrostatic separators are used to create non-intersecting helical closed orbits, with protons in one strand and antiprotons in the other. This is done after proton injection; antiprotons are then injected in their strand of the helix. Once both beams are in the Tevatron, the particles are accelerated to 980 GeV. Then some separators near the interactions points reverse polarity, causing the beams to collide at the center of the detectors. At CDF, the protons arrive from the west side and the antiprotons, from the east side.
B. Abort System
The Tevatron abort system consists of an abort loop which sends a 5-MHz permit signal around the ring through 24 concentrator modules around the ring. Each of these modules receives inputs from critical systems such as power supplies, vacuum equipment, quench protection monitors, and beam loss monitors. If any critical system fails to repeat the permit signal, the concentrator module does not pass on the beam permit and the beam is aborted.
0018-9499/$25.00 © 2008 IEEE The abort is accomplished by large kicker magnets with rapid rise times. When the beam permit drops, the kicker magnets fire at the beginning of the next abort gap, deflecting the beam downward into the beam dump. There are five kicker magnets for the proton beam and five for the antiproton beam, and they reach 90% of their full field in the 2.6-length of the abort gap [1] .
C. Beam Incidents and the Need for a Better Abort System
A beam incident is any instance in which a large instability develops in the particle beam, often leading to increased beam losses and a subsequent magnet quench. Typical sources are incorrect tuning of the accelerator, critical component failure, or sparks between the plates of the electrostatic separators. These can cause increased beam losses on a scale of milliseconds to seconds. The unintentional asynchronous firing of the abort kicker, which happens on the time scale of a few microseconds, is also possible. The system described here will not be able to protect against asynchronous aborts.
The original CDF abort system consists of four argon ionization chambers used as beam loss monitors (BLMs), two on each side of the detector, about 4.3 m from the nominal interaction point (IP) and at a radius of about 20 cm from the beam axis. The distance of the BLMs from the IP was determined completely by their size, which made it impossible to put them any closer.
The BLMs are read out every 210 (10 beam revolutions), and a circular buffer of 2048 measurements is stored when there is an abort. Most of the incidents in which damage to the silicon detector occured produced a signal below the readout threshold before the beam abort (issued by a different system) and completely saturated in the next measurement. In most cases, they could not resolve the beam structure well enough to trigger an abort, and they provided little information afterward about the time structure of the beam instability.
A close examination of these incidents made it clear that the abort system could be improved with smaller sensors placed closer to the beam line and to the silicon detector. In addition, a faster readout system would trigger aborts more quickly and resolve the beam structure for detailed analysis of beam incidents.
II. DIAMOND-BASED BCM SYSTEM
Diamond sensors satisfy both these needs: they can be made as small as a square centimeter and their response is of the order of nanoseconds. In addition, diamonds incur very little radiation damage and require no cooling, making them ideal for positioning close to the beamline [2] . The following sub-sections detail the diamond-based BCM system, starting with the sensors, following with their location in the CDF detector, and finishing with the readout electronics and abort system.
A. Diamond Sensors
Diamonds can be used as particle detectors. When a charged particle passes through a diamond, the atoms of the lattice are ionized, exciting electrons to the conduction band and leaving holes in the valence band. A minimum ionizing particle will leave, on average, 36 electron-hole pairs per traversed [3] . A voltage applied to the diamond can force the pairs to drift, generating a measurable current. Typical diamond sensors are 300-700 thick; however, due to defects in the crystal lattice, the typical electron-hole pair separation is about 250 , which reduces the useable volume of the sensor.
The diamond sensors for the CDF BCM system were obtained from Ohio State University. These are the same type of diamond sensors as those produced for the BCM system of the ATLAS detector at CERN [4] . The sensors are 1 in area and 500 thick. The diamond was taken from a pCVD diamond wafer grown by Element Six, Ltd. [5] , in collaboration with CERN's RD42 collaboration. The two faces were metalized with an aluminum-based compound developed by Ohio State University for the ATLAS sensors.
Each sensor was required to have a charge collection distance in excess of 200 at 500 V, and measured leakage currents were originally on the order of a few pA. The sensor was then set inside a G10 package, which provides easy connections to the metalized sides of the sensor. Fig. 2 shows a photograph of the diamond in the G10 package. A new layer of G10 is applied to seal the sensor, and the package is wrapped in copper to reduce external electrical noise.
B. Diamond Locations
The CDF diamond system consists of 13 CVD diamond sensors. Eight sensors are located inside the tracking volume, as close as possible to the silicon detector and the beamline, and operated in a magnetic field of 1.4 T generated by the superconducting solenoid, parallel to the beam line. These diamonds are divided into two groups of four, located in the east and west side of the tracking volume, as shown by the dots in Fig. 3 . Each group of four is mounted on a support structure at a distance of 1.7 m from the nominal IP. The support structure, depicted in Fig. 4 , holds the diamonds parallel to the sides of an imaginary square, 4 cm on a side, through which the beam passes. Thus the center of each diamond is 2 cm from the beam line. The electric field of these diamonds points towards the beam line, perpendicular to the magnetic field.
Five more diamonds are installed in the outer regions of CDF, where the current BLM system is located. They are 4.3 m from the I.P. and about 20 cm from the beam line. There are two diamonds on the west side and three on the east side. Their primary purpose is calibration against the existing BLM system.
C. Diamond Readout Electronics
The basic principle of the diamond readout is shown in Fig. 5 , in which the current passing through the diamond is a measure of the ionizing radiation traversing the diamond. The current measurement is performed using a custom-modified VME crate designed and built by the Electrical Engineering Department of the Particle Physics Divison at Fermilab. This system was designed and built to upgrade the readout electronics of the BLMs in the Tevatron and Main Injector [6] . In grey is the current of one of the outside diamonds. Note that the structure is clearly seen for the diamond inside the tracking volume, which is at a radius of 2 cm from the beam line, while the structure is less distinct for the diamond outside the tracking volume, which is located at a radius of 20 cm.
The readout electronics integrate charge for 21 (one beam revolution). In each channel the 21-16-bit integration is performed by one of two digitizers. While one digitizer collects charge, the other sends its information to be processed, and every 21 they switch roles. The digitizer stores the last 65535 measurements in a circular buffer. In addition, three sliding sums or buffers are stored, one holding 16384 measurements and the others holding 4096, calculating the sum of all measurements over the last 1 ms, 50 ms, and 1 s. The pedestal for the digitizer is measured automatically each time beam is injected by taking the average of 1024 measurements of the 21-buffer. All four buffers are dumped to a file upon receipt of a beamabort or end-of-beam signal. The beam-abort signal is issued whenever an anomalous condition (such as high losses or critical component failure) causes the beam to be aborted immediately to avoid damaging sensitive components. The end-ofbeam signal is issued when the beam is discarded because its luminosity is too low for useful physics. In this case the beam is usually replaced promptly with a new beam.
The electronics were calibrated with a stable current source and a sensitive electrometer to extract a curve to convert to a current measurement. The digitization was found to be linear up to 350 nA. The slopes of all 24 digitizer channels were the same to within less than 2%. Pedestal values were found to be stable over three months of running.
D. Diamond Abort System
The CDF diamond system has been connected to the Tevatron abort loop to pull an abort in case of a rapid increase in beam losses. The abort electronics have programmable thresholds on the instantaneous rates or the sliding sums, with a programmable multiplicity requirement as well. We currently drop the beam permit if at least four diamonds reach an instantaneous current of 500 nA each.
III. DIAMOND-BASED BCM DATA
A. Collected Data
Data has been taken with the diamond system during normal Tevatron operation for nearly a year. Fig. 6 shows the response of two diamonds during the sequence of accelerator events leading to proton-antiproton collisions. One diamond is located 2.0 cm from the beam, inside the tracking volume, while the other is located 20 cm from the beam, outside the tracking volume. This figure shows the clear advantage of placing sensors close to the beam line: the inner sensor can differentiate the structure of all the accelerator events, while the outside sensor cannot resolve them as clearly. While both these diamonds are biased and read out identically, the signal yield of the inner diamond is approximately an order of magnitude larger than the outside one, demonstrating the difference in radiation fields between the locations.
One can also compare the signal yield of a diamond in the outside location to the BLM next to it. Both devices are read out with the same electronics, but while the BLM is biased at 2000 V, the diamond is biased at 500 V. The comparison was made while the Tevatron maintains stable collisions and is plotted as a function of luminosity. In this regime, most of the radiation comes from proton-antiproton collisions instead of beam losses. Fig. 7 shows the current for one of the diamonds outside the tracking volume and the BLM next to it. For an instantaneous luminosity of about 100 , the BLM yields about 1 nA while the diamond next to it yields about 3 nA.
On November 9, 2006, a beam-abort signal was issued due to a spark in the separators, and the data of the buffers recorded are shown in Fig. 8 . The diamonds and the BLM both show a two-peak structure, but the diamond signals are an order of magnitude larger, and the change in signal for the diamonds spans three orders of magnitude. The diamonds crossed their abort threshold at least one millisecond (about 50 Tevatron revolutions) before the actual beam-abort signal was issued.
Another example of a beam incident is shown in Fig. 9 . On March 2, 2007, the Tevatron's parameters were set incorrectly when configuring the collision helix, resulting in high beam losses that ended in a magnet quench. This plot shows the reading from the four diamonds on the west side, as well as the time the actual beam-abort signal was sent. The abort threshold during this process is 500 nA; thus, the diamonds would have pulled the abort at least 500 (about 25 Tevatron revolutions) earlier than the current system, substantially reducing the risk of damaging the silicon detector.
IV. CONCLUSIONS
Diamond detectors work well in beam condition monitoring and abort systems. Compared to traditional beam loss monitoring systems, diamond sensors are smaller and can be placed closer to the beam line and to radiation-sensitive devices in highenergy physics experiments. In addition, they show a larger sensitivity to radiation and a faster response. These features allow better monitoring of beam conditions and, therefore, more effective protection against beam instabilities. The diamond-based beam condition monitoring system at CDF has been running stably for more than a year and its abort functionality has recently been commissioned.
